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SMAC/SMAD  Review Agenda

SMAC/SMAD

• DARPA System Overview Charts

• Participants Summary

•  SMAC Program Summary

• SMAD Objectives

• SMAD Effort Tasks

• Requirements,Concepts, Actuator, Thermal

• SMAD Program Summary

Shape Memory Alloy Consortium (SMAC)
Shape Memory Alloy Development (SMAD)

June 26, 2000

Dean Jacot
dean.jacot@boeing.com
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SMA Consortium (SMAC)  Objectives

SMAC
SMAC  Objectives & Scope

• Characterization of
 Existing SMA Materials

• Develop Nickel 
Free Titanium (NFT) SMA

• Development of 
Ferromagnetic SMA 

Rationaile

• Characterize NiTi  materials
• Torsion & Fatigue

• Develop torsional actuators
• Develop commercial actuators

• Potentially lighter weight and
 higher temp

• Energized by magnetic field
• Higher speed (vs thermally)
• Higher power density material

.
Pas s ive
torque tube

SMA
Actuator

          Twis t 
  Actuation
 Torque

SMA
Concept

SMAC/SMAD  ObjectivesSMAC/SMAD  Objectives

• Show feasibility of V-22
 SMA torsional actuation System

• Feasibility shown

Ended 
Oct 
1999
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SMAC Schedule

SMAC

Commercial Actuators

Mod 2
NiTinol SMA Char,  & Utilization

Military Torsion  Act.

Mod 1

TorsionLinear

NFT SMA

97 98 99
Q1 Q2 Q4Q3 Q2Q1 Q3

Final Results

Ferromagnatic  SMA

5% Field Switched 5% Cyclic

Q4 Q4 Q1 Q2
00

V -22 SMAD

V-22 Feasibility Shown

• SMAC Final
 Review Held 
 10/99
 (No open items)

• Basic SMAC 
 Final Report 
 Submitted 2/00

• Incremental 
 Review 2/00

• Final Review
 Today
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MITMIT

U.MdU.Md U.MinnU.Minn

ITNITN

BoeingBoeing

METALTEXMETALTEX

SMAC

U.W.U.W.

Tasks & Organizations
SMA Consortium (SMAC) 

SMAC

      SMAC  Tasks

1 NiTinol SMA 

2 Nickel Free Titanium 

SMA 

3  Ferromagnetic SMA

Dick JamesManifred 
Wuttig

Cary Clark
Domenic Marcelli

Dean Jacot
Roy IkegamiAlex Popoff

Minoru Taya
Han Inoue

Bob 
O’Handley

•  Boeing   -     Military Torsion Actuator
• ITN    -        Commercial Actuators
• MetalTex -  Materials
• UW    -         Isothermal FSMA
• MIT/U.Md- Variant Redistribution 

/U.Minn       FSMA

Participant Major Contribution

DARPA
 W. Coblenz
  E. Garcia
ONR
 R. Barsoum
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  “Basic” SMAC Accomplishments

SMAC

Thermoelectric SMA Actuator

5%  Cyclic Strain
Ferromagnetic SMA 
Demonstrated

Other Accomplishments

• NiTinol fatigue data

• TMP& Cold Work 
Characterization

• Commercial Actuators

H field Induced 
Bending 

NiMnGa

Waste 
Heat

NiTi 
Tubes

TE Heat Pumping Between Tubes
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SMAC  Program Value & Customers

9695 99 009897

SMAC/SMAD

SMACSMACSSRC Phase 1

SMAC / SMAD

Waste 
Heat

NiTi 
Tubes

Actuator

Navy ATDNavy ATD

CH-47

V-22

Adaptive blade torsion for 
increased payload/range

0.94

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

0.94 0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04

FIGURE OF MERIT/ BASELINE (HOVER, HELICOPTER MODE)

P
R

O
P

. E
FF

IC
IE

N
C

Y
/ B

A
S

E
LI

N
E

 (C
R

U
IS

E
, A

IR
P

LA
N

E
 M

O
D

E
)

active blade

baseline

Passive
Blade

Active
Blade

1.04 
P

ro
p 

E
ff

ic
ie

nc
y 

/ B
as

el
in

e

(C
ru

is
e,

 a
ir

pl
an

e 
m

od
e)

0.94

1.04

Figure of Merit / Baseline
(Hover, helicopter mode)

.

P a s s i v e

t o r q u e  t u b e

S M A

A c t u a t o r

          T wi st  

  A c t u a t i o n

 T o r q u e

TransitionTechnology to Navy
• Wind Tunnel Testing
• Navy S&T Support 
• Navy Program Transition

( if performance shown)

Ferromagnetic 
SMA Material

• Continued Material 
 Development
• Future Applications

Inner Tube Heat Transfer
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SMAC

Boeing SMAC Summary
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Thermo-
Electric
Cooler
Element

TE Cooler - Heat pumping

Waste 
Heat

NiTi 
Tubes

Passive Cooling

Thermoelectric Cooling

Power- Response Capability

Thermal SMA Actuator

NiTinol Application TechnologyNiTinol Application Technology

• Heat Treatment & Processing
• Characterization
• Termination
• Control
• Locks

Time- sec

100

18090

Power per
Actuator

KW

0
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MetalTex SMAC Contribution Summary
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SMAC - ITN Major
Accomplishments

LINEAR
ELECTRALOCK

ACTUATOR
TORSIONAL

CLAMP
ACTUATOR

DESIGNED & BUILT
TWO OPTIMIZED

COMMERCIAL SMA
ACTUATORS

SMA ACTUATOR DESIGN TOOLS

OPTIMIZATION TECHNIQUES
TO MAXIMIZE ACTUATOR

WORK AND MINIMIZE CREEP

ACCURATE & QUICK
SMA FATIGUE LIFE

PREDICTION METHOD
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2.0%

0 250000 500000 750000 1000000

Cycle (#)

%
 S

tr
ai

n

Actual Ni-Ti Isothermal Compression Creep

Min, T > Af

Max, T < Mf.18% @ 100,000 .23% @ 1*10^6

Creep is Logrithmic
CreepIT ~ Actuator Creep

ANALYSIS
THERMAL RESPONSE

MECHANICAL RESPONSE
TERMINATIONS

CYCLE LIFE

OPTIMAL HEAT
TREAT, TRAINING

AND CONDITIONING
GIVES OPTIMAL

STROKE AND CREEP

ISOTHERMAL
FATIGUE RESULTS

GIVEACCURATE
PREDICTION OF

ACTUATOR CREEP

TESTING DATABASE
THERMAL RESPONSE

MECHANICAL PROPERTIES
CYCLE LIFE
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University of Washington
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SMACU. Minn Main Accomplishmemnts



13

Main MIT Accomplishments

Darpa7/mit2.ppt
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SMAC Program Summary

SMAC
SMAC has been a very successful  program

• Actuators, Materials, Cooperation

• Thermoelectric SMA Actuator

• TE Heat Pumping Between Elements 

• Linear & Torsional Commercial Actuators

• NiTinol Testing Methods & Fatigue data

• TMP & Cold Work Characterization

• 5 % Cyclic Strain Ferromagnetic SMA (FSMA)

• Understanding of FSMA (i.e., shape effects)

• Evaluation of Numerous FSMA alloys

Waste 
Heat

NiTi 
Tubes
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SMAC/SMAD  Review Agenda

SMAC/SMAD

• SMAD Objectives

• SMAD Effort Task Summaries

•  Requirements, Concepts, Actuator, Thermal

• SMAD Program Summary
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SMAC / SMAD ObjectivesSMAC / SMAD Objectives

SMAC/SMAD

SMAC/ SMAD  Program

darpa 7\boeing\smad objectives-r1.ppt

• Prove feasibility and practicality of SMA actuator for V-22 blade twist
• Requirements & Benefits
• Actuation Concepts Trades

• Actuator Design Trades
• Thermal Modeling
• Passive Torque Tube

Actuator Development

aTUATOR

Testing

Q3 Q4 Q1 Q2

1999 2000

Descope from
 $650K to $400K

Reqmts

Concepts & Thermal

Design & Torque Tubes

.
Pas s ive
torque tube

SMA
Actuator

          Twis t 
  Actuation
 Torque
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0 . 8 0 . 9 1 . 0

Actuator Reqmt’sActuator Reqmt’s
BenefitsBenefits

SMAC/SMAD

Actuation Requirements & Benefits

smac\meetings\darpa 7\boeing\actuation reqmts-r1.ppt

Twist,
deg

Blade radial station(x/R)

• Initial actuator location at 90%  X/R
• Packaging difficulty
• Blade stability

• Elliptical torque tube solves 
 passive torque tube packaging

• Dual passive torque tubes 
allows tip twist with actuator

  at blade center

• + 3 deg Blade twist consistent 
 with blade stress

• 24,000 in lb actuation torque

• >1000 lb payload 
 increase (10 to 20%)
• 15% range increase
  (at constant payload)

30

-20

0 Optimum 
Cruise

Optimum
HoverBaseline 

V-22

10 o

Improved Profile

6 o

Twist over 
50% blade

(x/R)0 1.0
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SMAC/SMAD

Actuator Concepts & Preliminary Assessment

Concept

Length
(inch)

Weight
(lbs)

ComplexityTime -sec
 @ 2KW)

Single- TEM

33 34.9
Single - Heater

33 28.3Low

Coaxial (Heater long)

23

25.27Low

Bi-axial

23

38.97

Coaxial  TEM
29 38.7Moderate

coaxial-longitudinal
TEM 23 35.97

Mechanical 33 37.3
heat switch

180

1000

500

170

90

500 Moderate

Moderate

Moderate

High(180)

Smcs/meetings/darpa7/smad concept tradr-R1.ppt



! Can achieve fast response
(i.e., 40 sec. at 12 Kw)

! Less overall power
requirements

! Less waste heat

Advantages

Antagonistic
Torque Tubes

(Gear Coupled)

SMA Actuator Concept & Testing

Waste Heat

NiTi Tubes

\smac\meetings\darpa 7\boeing\Smad concept-r2.ppt

SMAC/SMAD

p g

y = -0.000543x + 12.714744
R2 = 0.678723

0 500 1000 1500 2000 2500

Delta Angle
Delta Angle
Linear (Delta Angle)

Angle,
 Deg

0

16

Cycles 2500

Cyclic
Testing
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External Heat Exchange Approaches

Internal & External
Heat Fins

Heat Pipes Dissipate
More Heat (Reduce ∆∆∆∆T)

Temps For Door
(External Fin)

Internal All-Metal
Heat Fin Without

Door

Single Metal Door
Configuration

(External Fin Group)

SMAC/SMAD

Mass of Heat Fins
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SMAC/meetings/darpa7/boeing/thermal summary.ppt

• Thermal Models and Design 
Tools Have Been Developed

• Actuator 
• Resistive & TEM heating/cooling
• Heat exchanger to air
• Airfoil heat transfer coefficients
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SMAC/SMAD  Program Summary

SMAC/SMAD

• New Actuation requirements identified with significant payoff

•  1200 lbs payload or > 80 nm range at constant payload

• Feasible V-22 actuation SYSTEM identified

• Bi -Axial actuator at 50% x/r

• Stiff composite torque tubes

• Actuation concept trades initiated

• Overall Assessment of thermal problem developed

• Thermo-electric 1/4 scale Bi-axial SMA actuator developed

• TE Heat pumping between NiTi tubes

• Cyclic testing initiated


